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pyrolysis products. For materials derived from layered double hydroxides, understanding the effect of divalent
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successful implementation. In this study, four mixed-metal oxide catalysts consisting of Al, Zn, and Mg in
different stoichiometric ratios were synthesized and tested for ex-situ catalytic fast pyrolysis (CFP) using pine
wood as feedstock. The catalytic activity and deactivation behavior of these catalysts were monitored in
real-time using a lab-scale pyrolysis reactor and fixed catalyst bed coupled with a molecular beam mass
spectrometer (MBMS), and data were analyzed by multivariate statistical approaches. In comparing Mg- and
Zn-Al catalyst materials, we demonstrate that the Mg-Al materials possessed greater quantities of basic sites,
which we attribute to their higher surface areas, and they produced upgraded pyrolysis vapors which
contained less acids and more deoxygenated aromatic hydrocarbons such as toluene and xylene. However,
detrimental impacts on carbon yields were realized via decarbonylation and decarboxylation reactions and
coke formation. Given that the primary goals of catalytic upgrading of bio-oil are deoxygenation, reduction of
acidity, and high carbon yield, these results highlight both promising catalytic effects of mixed-metal oxide
materials and opportunities for improvement.
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ABSTRACT 
Mixed-metal  oxides  possess  a  wide  range  of  tunability  and  show  promise  for  catalytic
stabilization  of  biomass  pyrolysis  products.  For  materials  derived  from  layered  double
hydroxides,  understanding  the  effect  of  divalent  cation  species  and  divalent/trivalent  cation
stoichiometric ratio on catalytic behavior is critical to their successful implementation. In this
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study, four mixed-metal oxide catalysts consisting of Al, Zn, and Mg in different stoichiometric
ratios were synthesized and tested for ex-situ catalytic fast pyrolysis (CFP) using pine wood as
feedstock. The catalytic activity and deactivation behavior of these catalysts were monitored in
real-time using a lab-scale pyrolysis reactor and fixed catalyst  bed coupled with a molecular
beam mass spectrometer (MBMS), and data were analyzed by multivariate statistical approaches.
In  comparing  Mg-  and  Zn-Al  catalyst  materials,  we  demonstrate  that  the  Mg-Al  materials
possessed greater quantities of basic sites, which we attribute to their higher surface areas, and
they produced upgraded pyrolysis vapors which contained less acids and more deoxygenated
aromatic hydrocarbons such as toluene and xylene.  However,  detrimental  impacts on carbon
yields  were  realized  via  decarbonylation  and  decarboxylation  reactions  and coke  formation.
Given that the primary goals of catalytic upgrading of bio-oil are deoxygenation, reduction of
acidity, and high carbon yield, these results highlight both promising catalytic effects of mixed-
metal oxide materials and opportunities for improvement.
INTRODUCTION
Concerns over global greenhouse gas emissions and the finite nature of petroleum motivate
research  towards  sustainable  and  renewable  fuels,  chemicals,  and  bio-based  products.
Thermochemical conversion of lignocellulosic  biomass has been identified as one of several
conversion  technologies  to  sustainably  produce  liquid  fuels  and  chemicals.1 During  fast
pyrolysis, biomass decomposes into pyrolysis vapors, which are condensed to form bio-oil at
yields up to 75% (dry mass basis).2 Bio-oil is a complex and heterogeneous mixture of more than
300 compounds including acids, aldehydes, alcohols, ketones, furans, anhydrosugars, phenols,
and aromatics.3-4 The high oxygen content, high acidity, high water content, and instability of
bio-oil mean that it must be upgraded or stabilized to be a viable substitute for liquid petroleum. 5
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The  application  of  suitable  catalysts  to  increase  bio-oil  quality  is  key  for  developing
thermochemical conversion technologies which can be cost-competitive with petroleum-based
fuels and chemicals.6
While several investigations exist regarding shape-selective mesoporous acidic catalysts such
as the ubiquitous ZSM-5, metal oxide catalysts show great promise for catalytic fast pyrolysis
because of their ability to produce bio-oils in relatively high yield that have been substantially
deoxygenated and neutralized. For example, Guda and Toghiani reported that sulfate-promoted
zirconia  afforded  bio-oil  with  lower  acidity  and  higher  high-heating  value  (HHV)  when
compared to raw bio-oil.7 He, Seshan, and co-workers demonstrated that Na2CO3/Al2O3 catalysts
could lower the total acid number of bio-oil produced by ex-situ catalytic hydropyrolysis of pine,
and addition of Pt metal to the catalyst reduced the number of carbonyl-containing species and
more than doubled the HHV.8 The same group demonstrated that the interaction between sodium
and alumina leads to a different sodium-containing phase that is evidently the active catalytic
species,  which mediates oxygen-rejection reactions.9 Guan and coworkers showed that metal
oxides  of 2.5 wt% Cu, Fe and Zn on alumina increased aromatic and aliphatic  hydrocarbon
yields during ex-situ CFP of cedar10 and sunflower stalks.11 Their research also revealed that Zn-
containing catalysts were most resistant to coke deposition and that all of the catalysts were
easily regenerable by calcination in air. Moreover, the catalysts were resistant to fouling by alkali
and alkaline earth metals found in the biomass feedstocks. Mante and coworkers showed that
pyrolysis of sugar maple with TiO2, CeOx-TiO2 mixed oxides, and pure CeO2, ZrO2, and MgO
generated a variety of monofunctional ketones which the authors concluded could be processed
downstream to afford hydrocarbon fuels using aldol chemistry.12
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Our group has demonstrated that mixed-metal oxides derived from calcined layered double
hydroxide (LDH) precursor materials are promising for bio-oil upgrading and stabilization,13 and
Navarro’s  group recently confirmed  this  reactivity  on  wheat  straw.14 Cations  in  LDHs form
organized brucite-like layers separated by interlayers of anions and water molecules.15 When the
LDH is  calcined at  temperatures  above 400 °C,  the  resulting  material  reversibly changes  to
produce mixed-metal oxides with unique properties such as high porosity, high surface area, and
amphoteric catalytic activity.16 A wide range of anions and cations, and the molar ratios of these,
can be readily controlled during synthesis, allowing the ability to tailor materials towards desired
catalytic  behavior.17 Our  research  on  using  mixed  oxides  from LDH  precursors  to  mediate
catalytic fast pyrolysis of cellulose demonstrated increased yields of furans in the vapor-phase
pyrolysis products and an overall increase of C:O ratio in the product vapors.13 
This  study aims  to  understand  the  behavior  of  mixed-metal  oxides  for  the  CFP of  whole
lignocellulosic biomass. The novelty of the research resides in the evaluation of the stability of
these catalysts over a range of biomass-to-catalyst ratios (B/C), and the post-reaction analysis of
the  catalyst  materials  to  correlate  their  properties  to  their  performance.  We synthesized  four
mixed-metal oxides consisting of ZnAl, Zn2Al, MgAl, and Mg2Al and evaluated them for ex-situ
catalytic  upgrading  of  pyrolysis  vapors  from  a  pine  wood  feedstock.  In  addition,  we
characterized the basicity and deactivation behavior of the materials. Finally, we discuss how the
catalyst composition influences surface properties and catalytic behavior.
EXPERIMENTAL SECTION
Feedstock Characterization. Southern yellow pine wood feedstock was prepared by milling
(40-mesh screen size) prior to compositional analysis, and then milled further (60-mesh screen
size)  prior  to  pyrolysis  experiments.  Cellulose,  hemicellulose,  lignin,  and  ash  content  were
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measured following National Renewable Energy Laboratory procedures.18-19 CHN content was
measured  with  an  elemental  analyzer  (PerkinElmer  2400  series),  and  oxygen  content  was
calculated by difference. Inorganics composition was measured by inductively coupled plasma
optical emission spectrometry (ICP-OES, 7300DV, PerkinElmer, USA) after microwave-assisted
acid digestion of 0.5 g of biomass using a Multiwave 3000 microwave (Anton Paar, VA, USA)
following the EPA protocol.20
Catalyst Synthesis. We synthesized mixed metal oxide materials labeled ZnAl, Zn2Al, MgAl,
and  Mg2Al  from  the  corresponding  LDH  precursors  using  a  method  that  we  reported
previously.13 An aqueous solution consisting of the appropriate ratios of metal nitrate salts and
urea was prepared such that the ratio of urea to nitrate ions was 3:1. The resulting clear colorless
solutions were heated to 90 °C with vigorous stirring for 24 h. The as-formed white precipitate
was collected by filtration, washed with water, and dried in ambient air. The dried material was
calcined at 500 °C in static air for 3 h to obtain the mixed-metal materials, which are denoted by
their metal ratios. The materials were sieved to afford particles having a size distribution of 300-
500 µm.
Ex-Situ Catalytic Fast Pyrolysis.  We conducted CFP experiments using a horizontal quartz
annular flow semi-batch pyrolysis reactor and fixed catalyst bed at 500 °C. The catalyst bed was
packed with 1 g of catalyst and heated to 500 °C for 30 min to purge residual moisture prior to
pyrolysis experiments. Sequential addition of 50 mg biomass samples held in quartz boats were
fed into the reactor every 120 s. The pyrolysis vapors flowed through the catalyst bed and were
sampled  by  molecular  beam  mass  spectrometry  (MBMS).  Helium  was  flowed  through  the
reactor (0.7 Pa∙m3s-1), and prior to the MBMS inlet, an additional stream of He (7 Pa∙m3s-1) was
used to dilute the pyrolysis stream. Argon (0.07 Pa∙m3s-1) was used as a tracer to monitor flow
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through the MBMS inlet. The pyrolysis vapors underwent adiabatic expansion through a 250 µm
orifice into a vacuum chamber held at 13.3 Pa, then the vapors were skimmed to produce a
molecular beam before ionization at 22.5 eV to produce positive ions. The ions (m/z = 10 to 450)
were detected every second in a quadrupole mass spectrometer. A detailed description of the
pyrolysis reactor and MBMS instrumentation was reported previously.21 We measured the char
yield gravimetrically as 19.3 ± 0.5% (wt. basis), which is similar to that reported by others for
pyrolysis at 500 °C of pine wood feedstocks.22-23
Catalyst Characterization. Partially and fully deactivated catalyst samples were characterized
following pyrolysis experiments. After the appropriate number of 50 mg biomass samples were
introduced into the reactor, the catalysts were allowed to cool under He flow (7 Pa∙m3s-1), and the
catalyst samples were collected and stored in air-tight glass vials. 
A Panalytical Empyrean diffractometer with Cu K-α1 source (λ = 1.540598 Å) was used for
the powder x-ray diffraction (PXRD) analysis. The beam voltage and current were 45 kV and 40
mA,  respectively.  The measurements  were  recorded  between 20-80°  (2θ),  the  step  size  was
0.013°  (2θ),  and  the  scan  time  per  step  was  29.07  s.  Spectral  smoothing  and  background
subtraction were performed using the HighScore  software package from Panalytical  and the
reference spectra were obtained from the PDF 4 (2015) database from the International Center
for Diffraction Data (ICDD). Thermogravimetric analysis (TGA) was performed using a Perkin
Elmer  Pyris  1  TGA with  approximately 10  mg  of  sample  loaded  onto  a  ceramic  pan.  The
temperature profile consisted of a ramp from 30-900 °C at 10 °C/min, followed by a 10-minute
hold at 900 °C.
A Micromeritics Autochem 2920 instrument was used for CO2-TPD measurements. Samples
(100 mg) were preheated to 500 °C, held for 120 min, and cooled down to 25 °C under He flow.
6
A mixed flow of 10% CO2/He was dosed over the samples at 25 °C for 90 min, followed by a
flush  of  He  gas  for  45  min  to  remove  physisorbed  CO2.  Desorption  was  performed  by  a
temperature ramp at 30 °C/min to a final temperature of 500 °C followed by a 120 min hold, and
the desorbed CO2 was measured by a thermal conductivity detector (TCD). A standard profile of
known  CO2 volume  was  used  to  calibrate  TCD  signals  and  quantify  the  amounts  of  CO2
desorbed  from  the  samples.  Low,  medium,  and  high-temperature  Gaussian  peaks  were
deconvoluted from the desorption curves using the Micromeritics Autochem 2920 software. BET
surface area was measured with a Micromeritics ASAP 2020 instrument at -196 °C. Samples
were degassed under N2 flow at 350 °C for 480 min to remove physisorbed impurities on the
surface of the samples before analysis. 
Multivariate  Statistical  Analysis.  Multivariate  statistical  techniques,  principal  component
analysis (PCA) and multivariate curve resolution (MCR), were employed to extract information
from the MBMS pyrograms using the statistical software,  The Unscrambler ver.  10.4 (Camo
software Inc., Woodbridge, NJ). MCR optimized by alternate least squares (ALS) was used to
monitor  the  changes  occurring  to  the  vapor  product  slate  as  the  catalysts  were  undergoing
deactivation by sequential feeding of 50-mg biomass samples (boats) into the horizontal reactor.
The MCR-ALS analysis was used to identify initial, intermediate, and primary vapors during
CFP of  biomass  in  a  manner  previously  described  using  zeolite21,  24-25 and  metal  oxide22,  26
catalysts; detailed discussions of the MCR-ALS is given in those references. Briefly, the MCR-
ALS analysis produces a loadings plot, which contains groups of correlated products (principal
components, PCs) and a scores plot, which shows how the grouped products (PCs) from the
loadings plot change with catalyst aging (or time on stream or biomass-to-catalyst ratio). The top
100 out of 450 masses with the largest variances were selected for this analysis, resulting in a
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data set with dimensions of 25-30 boats x 100 masses. The MCR-ALS analysis was optimized to
give three PCs because increasing the PCs beyond this value did not cause a significant change
in the residual error.
RESULTS AND DISCUSSION
Feedstock Analysis. Southern yellow pine wood was selected as the feedstock for this study
due to its abundance in the Southeastern United States, and its potential suitability as a feedstock
for  production  of  bioenergy and  bioproducts.27 The  content  of  cellulose,  hemicellulose,  and
lignin in the biomass was 42.2, 19.3, and 32.9%, respectively (Table S1). The carbon content was
49.7%, the ash content was 0.6%, and the major inorganic elements were Ca, Mg, and K.
Catalyst  Characterization.  We  characterized  all  catalyst  materials  using  PXRD,  and  the
results  are displayed in Figure S1. These diffraction patterns are in agreement with those of
previously reported Zn-Al and Mg-Al mixed metal oxides which were prepared by calcination in
the range of 450-500 °C.13,  28-29 The Mg-Al and Zn-Al materials show broad diffraction peaks
indicative  of  crystalline  MgO  and  ZnO,  respectively.  We  were  unable  to  detect  crystalline
alumina (Al2O3) nor spinel-type (MAl2O4, M = Mg or Zn) phases in any of the materials. 
The BET surface areas of the fresh catalyst materials are shown in Table 1. The surface areas
of  Mg-Al  materials  are  higher  than  that  of  Zn-Al materials,  and in  both  Mg-Al  and Zn-Al
materials the surface area was higher in materials with higher Al content. Similarly, Palinko et al.
reported higher BET surface area in Mg-Al mixed-metal oxides compared to Zn-Al mixed-metal
oxide.30 An increase in surface area with increasing Al content has been attributed to increased
porosity generated by greater CO2 gas evolution during the calcination of the LDH precursor
material caused by decomposition of CO32–.16, 29
Table 1. Surface area and CO2-TPD results for mixed-metal oxide catalysts.
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Peak 1 Peak 2 Peak 3 Total CO2c
Catalys
t
SA
a Tb CO2c Tb CO2c Tb CO2c per g per m2 d
ZnAl 92 81 14 (32%) 129 16 (37%) 238 14 (31%) 44 0.48
Zn2Al 74 77 15 (31%) 120 17 (35%) 209 16 (33%) 48 0.65
MgAl 195 86 24 (24%) 139 31 (31%) 324 45 (45%) 100 0.51
Mg2Al 183 83 12 (21%) 118 18 (31%) 189 27 (48%) 57 0.31
a Surface area measured by BET given as m2/g
b Temperature in °C
c Desorbed CO2 given as μmol/g catalyst.  Peak area percentages given are based on total
desorbed CO2
d Total CO2 given as μmol/m2 catalyst
We used CO2-TPD to compare basic site density and strength among the different mixed-metal
oxides (Table 1 and Figure S2). Three peaks occurring at low, medium, and high temperatures
were resolved from the desorption curves. The low temperature peak (T < 120 °C) indicates
weakly basic  sites  (surface OH groups),  the medium temperature peak (120 < T < 140 °C)
corresponds to medium strength basic sites (bridging O2– sites), and the high temperature peak (T
> 190 °C) indicates strongly basic sites (terminal oxo-type O2– sites).31-32 In addition, the total
quantity of desorbed CO2 was calculated by integrating over the entire temperature range. 
The total desorbed CO2 and the basic site density (on a mass basis) is greater in the Mg-Al
materials  compared  to  the  Zn-Al  materials.  In  addition,  the  Mg-Al  materials  have  a  higher
percentage of strong basic sites, while the Zn-Al materials demonstrated a larger percentage of
weak and medium-strength basic sites. The MgAl sample is unique in that the total desorbed CO2
quantity is greater than the other catalysts, and the high-temperature peak occurs at a higher
temperature (324 °C), compared to the other catalysts (189-238 °C). Kagunya and coworkers
have noted that the base strength for Zn-containing mixed-metal oxides derived from layered
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double hydroxides is much lower than that of the Mg-containing species, in agreement with the
results  displayed in Table 1. They attribute these differences in basicity to the differences in
divalent cation (Mg vs. Zn).32
In general, an increase in Al content in Mg-Al mixed-metal oxides leads to a decrease in the
number of basic sites; however, the remaining sites possess stronger basicity.15, 33-34 Di Cosimo et
al. reported a similar general trend; however, in mixed-metal oxides with molar Mg/Al ratios
ranging from 1 to 3, a localized maximum in basic site density occurred in the sample with
Mg/Al ≈ 1.16 This phenomena of a localized maximum in Mg-Al metal oxides in the molar
Mg/Al ratio range of 1 to 3 is consistent with our observation of greater total desorbed CO2 in the
MgAl sample  compared  to  the  Mg2Al  sample.  In  addition,  we  observed  an  increase  in  the
temperature corresponding to the strong basic sites in the MgAl sample compared to Mg2Al,
which  supports  the  established trend of  sites  possessing  stronger  basicity as  the  ratio  of  Al
increases.
Catalytic Fast Pyrolysis. The MBMS pyrograms of the pyrolysis vapors from a single 50 mg
pine sample, which were treated with the mixed-metal oxide catalysts (B/C = 0.1) and without a
catalyst, are shown in Figure 1. The low B/C for these experiments was selected to probe initial
reactivity of the mixed-metal  oxide materials.  Pyrolysis  vapors of  pine without  mixed-metal
oxide catalysts generate complex MBMS pyrograms, but specific high-intensity peaks associated
with individual compounds or compound classes can be identified,  including acetic acid and
hydroxyacetaldehyde (m/z = 60), carbohydrate fragments (m/z = 43, 55, 57, and 73), guaiacol
(m/z = 124), methylguaiacol (m/z = 138), 4-vinylguaiacol (m/z = 150), eugenol (m/z = 164), and
coniferyl  alcohol  (m/z  =  180).35 The  MBMS pyrograms  of  non-catalyzed  pine  are  in  close
agreement to previously reported results for fast pyrolysis of pine wood.21, 25 When mixed-metal
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oxides were employed, the number of products was reduced, especially for heavy compounds
(m/z > 115). In the catalyzed mass pyrograms, the major peaks observed include low-molecular-
weight and non-condensable compounds such as water (m/z = 18), carbon monoxide (m/z = 28),
and carbon dioxide (m/z = 44), as well as furan (m/z = 68), and aromatic compounds (m/z = 78,
91, and 106). 
Figure 1. Pyrograms from the horizontal py-MBMS reactor of the non-catalyzed pine feedstock,
and pine feedstock catalyzed with MgAl, Mg2Al, ZnAl, and Zn2Al mixed-metal oxides with B/C
= 0.1.
We used PCA to distinguish changes in the pyrolysis product-slate when different mixed-metal
oxides were tested (Fig. 2). The pyrograms of four sequential biomass samples (50 mg) for each
catalyst were analyzed. Data from the first run was removed as an outlier, due to initial changes
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to the catalyst, and boats 2-5 were used for the PCA. The PCA scores plot provides a visual
representation of the similarities or differences in the vapor-phase products as determined by
their  placement along the principal  component (PC) axes.  The loadings plot indicates which
major m/z peaks are responsible for the variation between samples groups on the scores plot for
each  respective  PC.  Since  the  pyrograms  were  mean  normalized,  the  obtained  results
communicate the relative proportions of the vapor products and should not be interpreted in
terms of absolute yield. 
The  PC1 scores  plot  accounts  for  69% of  the  variation  in  the  MBMS dataset  and shows
separation of the non-catalyzed and catalyzed samples mainly driven by low-molecular weight
gases, water, CO, and CO2 represented by m/z of 18, 28, and 44, respectively (Fig. 2). Thus, CFP
with these mixed-metal oxides affords low-molecular weight gases. Removal of oxygen in the
form of H2O, CO, or CO2 has been previously reported for CFP with metal oxides catalysts and
indicates deoxygenation reactions such as decarbonylation, decarboxylation, ketonization, and
dehydration.6, 10, 13, 36 
Catalyzed  reactions  result  in  more  furans  and  aromatic  compounds  as  evidenced  by  the
positive fragments related to furan, methyl furan, toluene, and xylene (m/z = 68, 82, 91, and =
106, respectively). Pyrolysis vapors from the uncatalyzed reactions are consistent with raw pine.
There is a trend of decreasing PC1 score with sequential sample introduction into the pyrolysis
reactor, and this is more apparent in the Zn-Al catalyzed systems (Fig. 2a). This indicates that the
vapor composition is approaching that of the raw pine products because the catalysts are losing
activity, and that the Zn-Al materials are losing activity more quickly than the Mg-Al materials.
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Figure 2. Principal component analysis of MBMS pyrograms from catalyzed and non-catalyzed
pine feedstock showing a) the scores plot of PC1 vs. PC2 and b) the loadings plot for PC1. Each
point  in  the scores  plot  represents  one MBMS pyrogram from 4 successive 50 mg biomass
samples fed in the horizontal pyrolysis reactor with B/C = 0.1-0.25.
To obtain greater discrimination between the pyrolysis products from the different catalysts,
we performed a subsequent PCA excluding the non-catalyzed pine samples (Fig. 3). PC1 shows
the  separation  of  CFP products  evolved  from the  Mg-Al  and  Zn-Al  materials.  The  Mg-Al
materials  group together  on  the  negative  portion  of  the  PC1 axis,  indicating  that  they form
similar products. The loadings plot for PC1 shows that the Zn-Al materials produced more CO2
(m/z=44), with smaller positive contributions from acetone (m/z= 58) and methylfuran (m/z =
82). Increased CO2 release indicates that Zn-Al materials promote decarboxylation reactions, and
based  on  the  PC1  loadings,  ketonization  of  acetic  acid  to  form acetone  and  CO2 is  likely
occurring. In addition, PC1 shows that Mg-Al catalysts produce more H2O (m/z=18) and CO
(m/z  =  28)  and  more  non-oxygenated  aromatics,  toluene  and  xylene  (m/z  =  91  and  105,
respectively), compared to Zn-Al materials (Fig. 3b). High oxygen content has been shown to
reduce bio-oil  stability and is  a  major  challenge for fast  pyrolysis  technology.3-4 The greater
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proportion  of  deoxygenated  aromatics  afforded  by the  Mg-Al  catalysts,  compared  to  Zn-Al
catalysts, could be beneficial for bio-oil stability and down-stream processing. 
PC2 of the scores plot shows rapid deactivation of Zn-Al materials as indicated by the trend of
more positive PC2 scores values as additional biomass samples are pyrolyzed and the fact that
the positive loadings for PC2 show similarities to uncatalyzed pine (Fig. 3a). The PC2 loadings
peaks that are common with uncatalyzed pine pyrolysis vapors include carbohydrate fragments
(m/z = 43 and 55), guaiacol (m/z = 124), methylguaiacol (m/z = 138), 4-vinylguaiacol (m/z =
150), and eugenol (m/z = 164) (Fig. 3c). While we are unable to unambiguously determine the
reason for differences in reactivity, we hypothesize that it is related to differences in surface area
and acidobasicity among the Mg-Al and Zn-Al mixed-metal oxides, as is discussed further in
subsequent sections.
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Figure 3. Principal component analysis of MBMS spectra from pine catalyzed by mixed-metal
oxides; showing a) the scores plot of PC1 vs. PC2, b) the loadings plot for PC1, and c) the
loadings plot for PC2. Each point in the scores plot represents one MBMS spectrum from 4
successive 50 mg biomass samples fed in the horizontal pyrolysis reactor with B/C = 0.1-0.25.
We performed a comparison of peak areas of the major pyrolysis products measured during
CFP of pine with mixed-metal oxide catalysts. Percent yields were calculated by summing the
following normalized MBMS peaks over 250 mg of biomass (5 boats) for each of the product
categories as follows: water (m/z = 18),  CO (m/z = 28), CO2 (m/z = 44), acetic acid (m/z = 60),
furans (m/z = 68, 82, 96), simple phenols (m/z = 94, 108, 122, 158), methoxyphenols (m/z = 124,
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137, 150, 152, 164), total phenols (simple phenols + methoxyphenols), and aromatics (m/z = 78,
91, 92, 105, and 106) (Fig. 4). 
When  mixed-metal  oxide  catalysts  were  employed,  the  proportion  of  acetic  acid,
methoxyphenols, and total phenols was substantially decreased, while aromatics and light gases
(H2O,  CO,  and  CO2)  increased  compared  to  the  non-catalyzed  control  (Fig.  4).  The  Zn-Al
materials show greater CO2 production compared to the Mg-Al catalysts, indicating that Zn-Al
materials  are  more  active  for  decarboxylation  reactions.  The  relative  yield  of  deoxygenated
aromatics is the highest when using the Mg-Al materials. These results are supported by the PCA
discussed previously (Figs 2 and 3). In addition, there is a reduction in the total ion count when
the catalysts are used, which is likely caused by coke deposition on the catalyst surface and a
redistribution of the molecular weight of the pyrolysis products.
We are able to make preliminary comparisons between the product selectivity and deactivation
behavior  between  these  mixed-metal  oxides  and  more  traditional  zeolites  such  as  HZSM-5.
Zeolite catalysts have been shown to be effective for upgrading lignocellulosic biomass pyrolysis
vapors and show high selectivity towards hydrocarbon production. For example, HZSM-5 has
been demonstrated to produce olefins, aromatic hydrocarbons, and gases (H2O, CO, and CO2)
when exposed to pine pyrolysis vapors, and similar to the mixed-metal oxide catalysts, a variety
of  products  are  formed  after  initial  deactivation  occurs.  In  general,  coking  and  subsequent
catalyst fouling are problematic during CFP with zeolites.37 We will discuss these and additional
conclusions in detail in the subsequent sections.
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Figure 4. Vapor-phase pyrolysis product yields for pine feedstock without (pine blank) and with
ZnAl, Zn2Al, MgAl, and Mg2Al mixed-metal oxide catalysts. Vapor products were quantified by
integrating and summing the peaks of interest, and then normalizing by the total pyrogram area.
The relative yield is plotted on the left y-axis and total ion count is plotted on the right y-axis.
Catalyst Deactivation Behavior. Multivariate curve resolution (MCR) has previously been
demonstrated  as  an  effective  tool  to  study catalyst  deactivation  behavior.21-22,  24-25 MCR is  a
statistical  technique  in  which  the  “principal  components”  (PCs)  are  decomposed  from  the
original MBMS spectra. Each PC represents a uniform mixture of compounds. The concentration
of the mixture of compounds over the course of increasing B/C is represented by the PC curve
intensity in the component scores plot, while the composition of this mixture is represented by
the loadings plot for each respective PC. The MCR plots show how the pyrolysis product slate is
changing as B/C increases.  B/C is  determined as the addition of successive 50 mg biomass
samples which were pyrolyzed and their vapors passed through the 1 g catalyst bed. 
Figure 5 shows the MCR for CFP of pine with ZnAl and illustrates the compositional evolution
of  the  vapor-phase  pyrolysis  products  as  the  catalyst  undergoes  deactivation.  The  red  curve
represents the initial products occurring during the initial biomass pulses and includes intense
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peaks for propylene (m/z = 41), acetone (m/z = 58), furan (m/z = 68), methylfuran (m/z = 82),
benzene (m/z=78), and toluene (m/z = 91). The signal at m/z 115 could be due to indene or
naphthol fragmentation.38 The intermediate products (black curve) reach a maximum at B/C =
0.45,  and the component  loadings plot  shows that  this  PC represents partially deoxygenated
species, such as acetone (m/z=58), furans and phenols including methylfuran (m/z = 82), phenol
(m/z = 94), dimethyl furan or methylcyclopentenone (m/z = 96), methylphenol (m/z = 108),
dimethylphenol (m/z = 122), trimethyl phenol (m/z = 136), and dimethylbenzofuran (m/z = 146).
The primary vapors (blue curve) appear at a B/C higher than 0.4 and they dominate at B/C > 1,
indicating that the catalyst was deactivated. The mass spectrum for the blue curve is similar to
that  for  non-catalyzed  pine  in  Figure  1.  For  comparison,  the  primary  vapors  breakthrough
immediately for Zn2Al, which indicates a relative lack of catalytic activity (Fig S3).
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Figure 5. Multivariate curve resolution for ZnAl-catalyzed pine pyrolysis vapor products with
respect to increasing B/C. The principal components scores (left) and accompanying loadings
plots (right) are shown.
The vapor-phase pyrolysis product slate for Mg2Al and MgAl are similar (Figs 6 and S4). The
initial products show some compounds in common with ZnAl, consisting of propylene (m/z =
41), furan (m/z = 39, 42, and 68), methylfuran (m/z = 82), and toluene (m/z = 91). In addition,
the initial products curve for Mg-Al catalysts contained significant contributions from xylene
(m/z = 106). In agreement with both the PCA and comparative product yield analysis, MCR
shows that  in  the initial  product  vapors,  the Mg-Al catalysts  produce greater  proportions  of
deoxygenated aromatics such as toluene and xylene. The intermediate products curves for MgAl
and  Mg2Al  consisted  mostly  of  dimethyl  furan,  phenol,  and  methlyphenols.  In  the  Mg-Al
materials, the intermediate products reach a maximum at a higher B/C = 0.55, compared to 0.45
in ZnAl. In addition, the B/C in which the primary vapor maximum occurs is highest in Mg2Al at
1.2,  indicating  slightly  prolonged  activity  compared  to  MgAl.  Compared  to  HZSM-5,  these
mixed-metal oxides underwent deactivation slightly more quickly. For example, using HZSM-5
under  similar  conditions,  Mukarakate  and  coworkers  reported  that  the  primary  vapors
breakthrough at a B/C of 0.5, intermediate products peaked at 0.8, and the initial hydrocarbon
products reached a minimum around B/C of 1.6.21
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Figure 6. Multivariate curve resolution for Mg2Al-catalyzed pine pyrolysis vapor products with
respect to increasing B/C. The principal components scores (left) and accompanying loadings
plots (right) are shown.
We performed XRD analysis  on the  deactivated  catalyst  samples,  as  shown in  Figure S1.
Overall, there is no indication of structural changes in the catalysts during or after deactivation.
The peak positions and shapes stay relatively constant, suggesting that deactivation was likely a
result of coke accumulation physically blocking catalytic active sites and not due to a change in
the bulk structure of the materials. 
We used TGA to measure the amount of coke accumulated on the catalysts at varying B/C. The
TGA  curves  show  minor  weight  loss  caused  by  moisture  and  weakly  adsorbed  organic
compounds  at  temperatures  below  250  °C,  while  weight  loss  occurring  above  250  °C  was
attributed to combustion of coke.38 Hence, the weight loss in the range of 250 °C to 900 °C was
used to determine the amount of coke accumulated on the catalysts (Table 2; Figure S5). 
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As expected, there is a positive trend between B/C and coke accumulation. Zn2Al had less coke
accumulation compared to the other catalysts. This may be related to its low surface area, and
thus active sites were quickly blocked by coke even at low B/C. The Mg-Al materials showed
greater  coke accumulation and coke yields  in the initial  and intermediate  phases  of  activity,
which may be related to their higher surface area and greater quantity of active sites (especially
in the case of Mg2Al) which supported higher coke loadings before deactivation occurred. 
Catalyst deactivation through coke deposition has widely been reported for metal oxides as
well as microporous catalysts.6 For example, under similar reaction conditions with HZSM-5,
Mukarakate et  al.  reported a  coke yield of 15.5% (wt.  coke/wt.  biomass fed) after  complete
deactivation.21 For comparison, the mixed-metal oxides tested here (with the exception of Zn2Al)
showed similar coke yields after complete deactivation, ranging from 14.2-14.7%.
Table 2. Coke accumulation at different stages of catalyst deactivation.
Catalyst Activitya Coke
accumulationb
Coke
yieldc
Coke per basic
sited
ZnAl
Initial (0.25)
Intermediate (0.5)
Deactivated (1.25)
7.1
10.3
15.1
6.1
9.2
14.2
1.4
2.1
3.2
Zn2Al
Initial (0.25)
Intermediate (0.5)
Deactivated (1.05)
4.7
5.4
9.2
4.7
5.4
9.6
0.7
0.8
1.4
MgAl
Initial (0.25)
Intermediate (0.7)
Deactivated (1.2)
8.9
14.5
14.7
8.1
14.1
14.4
0.6
1.0
1.0
Mg2Al Initial (0.25)
Intermediate
(0.75)
9.5
15.2
7.2
12.4
1.1
2.0
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Deactivated (1.45) 17.6 14.7 2.3
a B/C given in parentheses
b Given as % by weight of coke versus catalyst
c Given as % by weight of coke versus total fed biomass
d Given as mg coke versus µmol CO2 desorbed
Discussion of Catalyst Performance Descriptors. Understanding the effects of the mixed-metal
oxide catalyst formulation on catalytic behavior is important to facilitate the design of improved
catalysts. We observed that the identity of the divalent cation (Mg2+ or Zn2+) affected the surface
area and catalytic behavior of the reported materials. This is perhaps unsurprising, given the
work  of  Kaguna  and  coworkers,  who  demonstrated  that  Zn-containing  mixed-metal  oxide
materials displayed overall lower basicity than their Mg-containing counterparts.32 
We were also able to observe an effect imparted by atom stoichiometries. For instance, in the
Mg-Al materials, we observed an increase in basic site density and basic site strength when the
divalent/trivalent cation ratio was changed from 2 to 1 (i.e., Mg2Al vs. MgAl). However, despite
these apparent  differences  in surface properties,  Mg2Al and MgAl exhibited similar  catalytic
activity and deactivation behavior. 
There is  evidently an interplay between surface basicity (imparted by MgO and ZnO) and
Lewis acidity (imparted by Al2O3) among these materials,  since the Mg-Al catalysts produce
higher relative yields of non-oxygenated aromatics including toluene and xylene while remaining
active at higher B/C compared to Zn-Al catalysts. The presence of amorphous alumina in the
catalyst materials may explain the formation of non-oxygenated aromatics, which is reactivity
typically ascribed to Lewis-acidic materials. Several preparations of mixed-metal oxides from
layered  double  hydroxide  precursors  have  previously  shown  no  evidence  for  the  presence
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crystalline alumina phases,32 which is a finding similar to our own previous work.13 Furthermore,
formation of γ-alumina from amorphous alumina has been shown to occur at 840 °C,39 which is
well  above  the  synthesis  and calcination  temperatures  we employ here.  This  apparent  acid-
catalyzed reactivity highlights an area for improvement among these catalyst  materials, since
crystalline alumina phases are known to be more acidic (and therefore perhaps more catalytically
active for the formation of non-oxygenated aromatics) than amorphous alumina.32, 39-40 
Given that deoxygenation and reduction of acidity of bio-oil are primary goals of catalytic
upgrading and result  in  increased  bio-oil  stability,  the  results  we report  here  are  promising.
However, the mixture of active sites on the surfaces of these mixed-metal oxides is complex and
makes their characterization challenging. Our results demonstrate a mixture of weak, moderate,
and strong basic sites, which we attribute to the presence of crystalline divalent metal oxides.
Moreover,  we infer  the  presence  of  moderately weak acidic  sites  which  we attribute  to  the
presence  of  amorphous  alumina.  Materials  having  several  surface  active  sites  that  mediate
multiple  catalytic  transformations  simultaneously highlight  some of  the  challenges  inherit  to
designing, scaling, and deploying catalysts for thermochemical biomass conversion. Experiments
to rigorously characterize these and other surface sites and their reactivities are ongoing in our
laboratories. 
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ABSTRACT  
Mixed-metal oxides possess a wide range of tunability and show promise for catalytic stabilization 
of biomass pyrolysis products. For materials derived from layered double hydroxides, 
understanding the effect of divalent cation species and divalent/trivalent cation stoichiometric ratio 
on catalytic behavior is critical to their successful implementation. In this study, four mixed-metal 
oxide catalysts consisting of Al, Zn, and Mg in different stoichiometric ratios were synthesized 
 2 
and tested for ex-situ catalytic fast pyrolysis (CFP) using pine wood as feedstock. The catalytic 
activity and deactivation behavior of these catalysts were monitored in real-time using a lab-scale 
pyrolysis reactor and fixed catalyst bed coupled with a molecular beam mass spectrometer 
(MBMS), and data were analyzed by multivariate statistical approaches. In comparing Mg- and 
Zn-Al catalyst materials, we demonstrate that the Mg-Al materials possessed greater quantities of 
basic sites, which we attribute to their higher surface areas, and they produced upgraded pyrolysis 
vapors which contained less acids and more deoxygenated aromatic hydrocarbons such as toluene 
and xylene. However, detrimental impacts on carbon yields were realized via decarbonylation and 
decarboxylation reactions and coke formation. Given that the primary goals of catalytic upgrading 
of bio-oil are deoxygenation, reduction of acidity, and high carbon yield, these results highlight 
both promising catalytic effects of mixed-metal oxide materials and opportunities for 
improvement. 
INTRODUCTION 
Concerns over global greenhouse gas emissions and the finite nature of petroleum motivate 
research towards sustainable and renewable fuels, chemicals, and bio-based products. 
Thermochemical conversion of lignocellulosic biomass has been identified as one of several 
conversion technologies to sustainably produce liquid fuels and chemicals.1 During fast pyrolysis, 
biomass decomposes into pyrolysis vapors, which are condensed to form bio-oil at yields up to 
75% (dry mass basis).2 Bio-oil is a complex and heterogeneous mixture of more than 300 
compounds including acids, aldehydes, alcohols, ketones, furans, anhydrosugars, phenols, and 
aromatics.3-4 The high oxygen content, high acidity, high water content, and instability of bio-oil 
mean that it must be upgraded or stabilized to be a viable substitute for liquid petroleum.5 The 
application of suitable catalysts to increase bio-oil quality is key for developing thermochemical 
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conversion technologies which can be cost-competitive with petroleum-based fuels and 
chemicals.6 
While several investigations exist regarding shape-selective mesoporous acidic catalysts such as 
the ubiquitous ZSM-5, metal oxide catalysts show great promise for catalytic fast pyrolysis 
because of their ability to produce bio-oils in relatively high yield that have been substantially 
deoxygenated and neutralized. For example, Guda and Toghiani reported that sulfate-promoted 
zirconia afforded bio-oil with lower acidity and higher high-heating value (HHV) when compared 
to raw bio-oil.7 He, Seshan, and co-workers demonstrated that Na2CO3/Al2O3 catalysts could lower 
the total acid number of bio-oil produced by ex-situ catalytic hydropyrolysis of pine, and addition 
of Pt metal to the catalyst reduced the number of carbonyl-containing species and more than 
doubled the HHV.8 The same group demonstrated that the interaction between sodium and alumina 
leads to a different sodium-containing phase that is evidently the active catalytic species, which 
mediates oxygen-rejection reactions.9 Guan and coworkers showed that metal oxides of 2.5 wt% 
Cu, Fe and Zn on alumina increased aromatic and aliphatic hydrocarbon yields during ex-situ CFP 
of cedar10 and sunflower stalks.11 Their research also revealed that Zn-containing catalysts were 
most resistant to coke deposition and that all of the catalysts were easily regenerable by calcination 
in air. Moreover, the catalysts were resistant to fouling by alkali and alkaline earth metals found 
in the biomass feedstocks. Mante and coworkers showed that pyrolysis of sugar maple with TiO2, 
CeOx-TiO2 mixed oxides, and pure CeO2, ZrO2, and MgO generated a variety of monofunctional 
ketones which the authors concluded could be processed downstream to afford hydrocarbon fuels 
using aldol chemistry.12 
Our group has demonstrated that mixed-metal oxides derived from calcined layered double 
hydroxide (LDH) precursor materials are promising for bio-oil upgrading and stabilization,13 and 
Navarro’s group recently confirmed this reactivity on wheat straw.14 Cations in LDHs form 
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organized brucite-like layers separated by interlayers of anions and water molecules.15 When the 
LDH is calcined at temperatures above 400 °C, the resulting material reversibly changes to produce 
mixed-metal oxides with unique properties such as high porosity, high surface area, and 
amphoteric catalytic activity.16 A wide range of anions and cations, and the molar ratios of these, 
can be readily controlled during synthesis, allowing the ability to tailor materials towards desired 
catalytic behavior.17 Our research on using mixed oxides from LDH precursors to mediate catalytic 
fast pyrolysis of cellulose demonstrated increased yields of furans in the vapor-phase pyrolysis 
products and an overall increase of C:O ratio in the product vapors.13  
This study aims to understand the behavior of mixed-metal oxides for the CFP of whole 
lignocellulosic biomass. The novelty of the research resides in the evaluation of the stability of 
these catalysts over a range of biomass-to-catalyst ratios (B/C), and the post-reaction analysis of 
the catalyst materials to correlate their properties to their performance. We synthesized four mixed-
metal oxides consisting of ZnAl, Zn2Al, MgAl, and Mg2Al and evaluated them for ex-situ catalytic 
upgrading of pyrolysis vapors from a pine wood feedstock. In addition, we characterized the 
basicity and deactivation behavior of the materials. Finally, we discuss how the catalyst 
composition influences surface properties and catalytic behavior. 
EXPERIMENTAL SECTION 
Feedstock Characterization. Southern yellow pine wood feedstock was prepared by milling 
(40-mesh screen size) prior to compositional analysis, and then milled further (60-mesh screen 
size) prior to pyrolysis experiments. Cellulose, hemicellulose, lignin, and ash content were 
measured following National Renewable Energy Laboratory procedures.18-19 CHN content was 
measured with an elemental analyzer (PerkinElmer 2400 series), and oxygen content was 
calculated by difference. Inorganics composition was measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES, 7300DV, PerkinElmer, USA) after microwave-assisted 
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acid digestion of 0.5 g of biomass using a Multiwave 3000 microwave (Anton Paar, VA, USA) 
following the EPA protocol.20 
Catalyst Synthesis. We synthesized mixed metal oxide materials labeled ZnAl, Zn2Al, MgAl, 
and Mg2Al from the corresponding LDH precursors using a method that we reported previously.13 
An aqueous solution consisting of the appropriate ratios of metal nitrate salts and urea was 
prepared such that the ratio of urea to nitrate ions was 3:1. The resulting clear colorless solutions 
were heated to 90 °C with vigorous stirring for 24 h. The as-formed white precipitate was collected 
by filtration, washed with water, and dried in ambient air. The dried material was calcined at 500 
°C in static air for 3 h to obtain the mixed-metal materials, which are denoted by their metal ratios. 
The materials were sieved to afford particles having a size distribution of 300-500 µm. 
Ex-Situ Catalytic Fast Pyrolysis. We conducted CFP experiments using a horizontal quartz 
annular flow semi-batch pyrolysis reactor and fixed catalyst bed at 500 °C. The catalyst bed was 
packed with 1 g of catalyst and heated to 500 °C for 30 min to purge residual moisture prior to 
pyrolysis experiments. Sequential addition of 50 mg biomass samples held in quartz boats were 
fed into the reactor every 120 s. The pyrolysis vapors flowed through the catalyst bed and were 
sampled by molecular beam mass spectrometry (MBMS). Helium was flowed through the reactor 
(0.7 Pa∙m3s-1), and prior to the MBMS inlet, an additional stream of He (7 Pa∙m3s-1) was used to 
dilute the pyrolysis stream. Argon (0.07 Pa∙m3s-1) was used as a tracer to monitor flow through the 
MBMS inlet. The pyrolysis vapors underwent adiabatic expansion through a 250 µm orifice into 
a vacuum chamber held at 13.3 Pa, then the vapors were skimmed to produce a molecular beam 
before ionization at 22.5 eV to produce positive ions. The ions (m/z = 10 to 450) were detected 
every second in a quadrupole mass spectrometer. A detailed description of the pyrolysis reactor 
and MBMS instrumentation was reported previously.21 We measured the char yield 
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gravimetrically as 19.3 ± 0.5% (wt. basis), which is similar to that reported by others for pyrolysis 
at 500 °C of pine wood feedstocks.22-23 
Catalyst Characterization. Partially and fully deactivated catalyst samples were characterized 
following pyrolysis experiments. After the appropriate number of 50 mg biomass samples were 
introduced into the reactor, the catalysts were allowed to cool under He flow (7 Pa∙m3s-1), and the 
catalyst samples were collected and stored in air-tight glass vials.  
A Panalytical Empyrean diffractometer with Cu K-α1 source (λ = 1.540598 Å) was used for the 
powder x-ray diffraction (PXRD) analysis. The beam voltage and current were 45 kV and 40 mA, 
respectively. The measurements were recorded between 20-80° (2θ), the step size was 0.013° (2θ), 
and the scan time per step was 29.07 s. Spectral smoothing and background subtraction were 
performed using the HighScore software package from Panalytical and the reference spectra were 
obtained from the PDF 4 (2015) database from the International Center for Diffraction Data 
(ICDD). Thermogravimetric analysis (TGA) was performed using a Perkin Elmer Pyris 1 TGA 
with approximately 10 mg of sample loaded onto a ceramic pan. The temperature profile consisted 
of a ramp from 30-900 °C at 10 °C/min, followed by a 10-minute hold at 900 °C. 
A Micromeritics Autochem 2920 instrument was used for CO2-TPD measurements. Samples 
(100 mg) were preheated to 500 °C, held for 120 min, and cooled down to 25 °C under He flow. 
A mixed flow of 10% CO2/He was dosed over the samples at 25 °C for 90 min, followed by a flush 
of He gas for 45 min to remove physisorbed CO2. Desorption was performed by a temperature 
ramp at 30 °C/min to a final temperature of 500 °C followed by a 120 min hold, and the desorbed 
CO2 was measured by a thermal conductivity detector (TCD). A standard profile of known CO2 
volume was used to calibrate TCD signals and quantify the amounts of CO2 desorbed from the 
samples. Low, medium, and high-temperature Gaussian peaks were deconvoluted from the 
desorption curves using the Micromeritics Autochem 2920 software. BET surface area was 
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measured with a Micromeritics ASAP 2020 instrument at -196 °C. Samples were degassed under 
N2 flow at 350 °C for 480 min to remove physisorbed impurities on the surface of the samples 
before analysis.  
Multivariate Statistical Analysis. Multivariate statistical techniques, principal component 
analysis (PCA) and multivariate curve resolution (MCR), were employed to extract information 
from the MBMS pyrograms using the statistical software, The Unscrambler ver. 10.4 (Camo 
software Inc., Woodbridge, NJ). MCR optimized by alternate least squares (ALS) was used to 
monitor the changes occurring to the vapor product slate as the catalysts were undergoing 
deactivation by sequential feeding of 50-mg biomass samples (boats) into the horizontal reactor. 
The MCR-ALS analysis was used to identify initial, intermediate, and primary vapors during CFP 
of biomass in a manner previously described using zeolite21, 24-25 and metal oxide22, 26 catalysts; 
detailed discussions of the MCR-ALS is given in those references. Briefly, the MCR-ALS analysis 
produces a loadings plot, which contains groups of correlated products (principal components, 
PCs) and a scores plot, which shows how the grouped products (PCs) from the loadings plot change 
with catalyst aging (or time on stream or biomass-to-catalyst ratio). The top 100 out of 450 masses 
with the largest variances were selected for this analysis, resulting in a data set with dimensions of 
25-30 boats x 100 masses. The MCR-ALS analysis was optimized to give three PCs because 
increasing the PCs beyond this value did not cause a significant change in the residual error. 
RESULTS AND DISCUSSION 
Feedstock Analysis. Southern yellow pine wood was selected as the feedstock for this study 
due to its abundance in the Southeastern United States, and its potential suitability as a feedstock 
for production of bioenergy and bioproducts.27 The content of cellulose, hemicellulose, and lignin 
in the biomass was 42.2, 19.3, and 32.9%, respectively (Table S1). The carbon content was 49.7%, 
the ash content was 0.6%, and the major inorganic elements were Ca, Mg, and K. 
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Catalyst Characterization. We characterized all catalyst materials using PXRD, and the results 
are displayed in Figure S1. These diffraction patterns are in agreement with those of previously 
reported Zn-Al and Mg-Al mixed metal oxides which were prepared by calcination in the range of 
450-500 °C.13, 28-29 The Mg-Al and Zn-Al materials show broad diffraction peaks indicative of 
crystalline MgO and ZnO, respectively. We were unable to detect crystalline alumina (Al2O3) nor 
spinel-type (MAl2O4, M = Mg or Zn) phases in any of the materials.  
The BET surface areas of the fresh catalyst materials are shown in Table 1. The surface areas of 
Mg-Al materials are higher than that of Zn-Al materials, and in both Mg-Al and Zn-Al materials 
the surface area was higher in materials with higher Al content. Similarly, Palinko et al. reported 
higher BET surface area in Mg-Al mixed-metal oxides compared to Zn-Al mixed-metal oxide.30 
An increase in surface area with increasing Al content has been attributed to increased porosity 
generated by greater CO2 gas evolution during the calcination of the LDH precursor material 
caused by decomposition of CO32–.16, 29 
Table 1. Surface area and CO2-TPD results for mixed-metal oxide catalysts. 
  Peak 1 Peak 2 Peak 3 Total CO2c 
Catalyst 
SA
a Tb  CO2c Tb CO2c Tb CO2c per g per m2 d 
ZnAl 92 81 14 (32%) 129 16 (37%) 238 14 (31%) 44 0.48 
Zn2Al 74 77 15 (31%) 120 17 (35%) 209 16 (33%) 48 0.65 
MgAl 195 86 24 (24%) 139 31 (31%) 324 45 (45%) 100 0.51 
Mg2Al 183 83 12 (21%) 118 18 (31%) 189 27 (48%) 57 0.31 
a Surface area measured by BET given as m2/g 
b Temperature in °C 
c Desorbed CO2 given as μmol/g catalyst. Peak area percentages given are based on total 
desorbed CO2 
d Total CO2 given as μmol/m2 catalyst 
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We used CO2-TPD to compare basic site density and strength among the different mixed-metal 
oxides (Table 1 and Figure S2). Three peaks occurring at low, medium, and high temperatures 
were resolved from the desorption curves. The low temperature peak (T < 120 °C) indicates weakly 
basic sites (surface OH groups), the medium temperature peak (120 < T < 140 °C) corresponds to 
medium strength basic sites (bridging O2– sites), and the high temperature peak (T > 190 °C) 
indicates strongly basic sites (terminal oxo-type O2– sites).31-32 In addition, the total quantity of 
desorbed CO2 was calculated by integrating over the entire temperature range.  
The total desorbed CO2 and the basic site density (on a mass basis) is greater in the Mg-Al 
materials compared to the Zn-Al materials. In addition, the Mg-Al materials have a higher 
percentage of strong basic sites, while the Zn-Al materials demonstrated a larger percentage of 
weak and medium-strength basic sites. The MgAl sample is unique in that the total desorbed CO2 
quantity is greater than the other catalysts, and the high-temperature peak occurs at a higher 
temperature (324 °C), compared to the other catalysts (189-238 °C). Kagunya and coworkers have 
noted that the base strength for Zn-containing mixed-metal oxides derived from layered double 
hydroxides is much lower than that of the Mg-containing species, in agreement with the results 
displayed in Table 1. They attribute these differences in basicity to the differences in divalent 
cation (Mg vs. Zn).32 
In general, an increase in Al content in Mg-Al mixed-metal oxides leads to a decrease in the 
number of basic sites; however, the remaining sites possess stronger basicity.15, 33-34 Di Cosimo et 
al. reported a similar general trend; however, in mixed-metal oxides with molar Mg/Al ratios 
ranging from 1 to 3, a localized maximum in basic site density occurred in the sample with Mg/Al 
≈ 1.16 This phenomena of a localized maximum in Mg-Al metal oxides in the molar Mg/Al ratio 
range of 1 to 3 is consistent with our observation of greater total desorbed CO2 in the MgAl sample 
compared to the Mg2Al sample. In addition, we observed an increase in the temperature 
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corresponding to the strong basic sites in the MgAl sample compared to Mg2Al, which supports 
the established trend of sites possessing stronger basicity as the ratio of Al increases. 
Catalytic Fast Pyrolysis. The MBMS pyrograms of the pyrolysis vapors from a single 50 mg 
pine sample, which were treated with the mixed-metal oxide catalysts (B/C = 0.1) and without a 
catalyst, are shown in Figure 1. The low B/C for these experiments was selected to probe initial 
reactivity of the mixed-metal oxide materials. Pyrolysis vapors of pine without mixed-metal oxide 
catalysts generate complex MBMS pyrograms, but specific high-intensity peaks associated with 
individual compounds or compound classes can be identified, including acetic acid and 
hydroxyacetaldehyde (m/z = 60), carbohydrate fragments (m/z = 43, 55, 57, and 73), guaiacol (m/z 
= 124), methylguaiacol (m/z = 138), 4-vinylguaiacol (m/z = 150), eugenol (m/z = 164), and 
coniferyl alcohol (m/z = 180).35 The MBMS pyrograms of non-catalyzed pine are in close 
agreement to previously reported results for fast pyrolysis of pine wood.21, 25 When mixed-metal 
oxides were employed, the number of products was reduced, especially for heavy compounds (m/z 
> 115). In the catalyzed mass pyrograms, the major peaks observed include low-molecular-weight 
and non-condensable compounds such as water (m/z = 18), carbon monoxide (m/z = 28), and 
carbon dioxide (m/z = 44), as well as furan (m/z = 68), and aromatic compounds (m/z = 78, 91, 
and 106).  
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Figure 1. Pyrograms from the horizontal py-MBMS reactor of the non-catalyzed pine feedstock, 
and pine feedstock catalyzed with MgAl, Mg2Al, ZnAl, and Zn2Al mixed-metal oxides with B/C 
= 0.1. 
We used PCA to distinguish changes in the pyrolysis product-slate when different mixed-metal 
oxides were tested (Fig. 2). The pyrograms of four sequential biomass samples (50 mg) for each 
catalyst were analyzed. Data from the first run was removed as an outlier, due to initial changes to 
the catalyst, and boats 2-5 were used for the PCA. The PCA scores plot provides a visual 
representation of the similarities or differences in the vapor-phase products as determined by their 
placement along the principal component (PC) axes. The loadings plot indicates which major m/z 
peaks are responsible for the variation between samples groups on the scores plot for each 
respective PC. Since the pyrograms were mean normalized, the obtained results communicate the 
relative proportions of the vapor products and should not be interpreted in terms of absolute yield.  
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The PC1 scores plot accounts for 69% of the variation in the MBMS dataset and shows 
separation of the non-catalyzed and catalyzed samples mainly driven by low-molecular weight 
gases, water, CO, and CO2 represented by m/z of 18, 28, and 44, respectively (Fig. 2). Thus, CFP 
with these mixed-metal oxides affords low-molecular weight gases. Removal of oxygen in the 
form of H2O, CO, or CO2 has been previously reported for CFP with metal oxides catalysts and 
indicates deoxygenation reactions such as decarbonylation, decarboxylation, ketonization, and 
dehydration.6, 10, 13, 36  
Catalyzed reactions result in more furans and aromatic compounds as evidenced by the positive 
fragments related to furan, methyl furan, toluene, and xylene (m/z = 68, 82, 91, and = 106, 
respectively). Pyrolysis vapors from the uncatalyzed reactions are consistent with raw pine. There 
is a trend of decreasing PC1 score with sequential sample introduction into the pyrolysis reactor, 
and this is more apparent in the Zn-Al catalyzed systems (Fig. 2a). This indicates that the vapor 
composition is approaching that of the raw pine products because the catalysts are losing activity, 
and that the Zn-Al materials are losing activity more quickly than the Mg-Al materials. 
 
Figure 2. Principal component analysis of MBMS pyrograms from catalyzed and non-catalyzed 
pine feedstock showing a) the scores plot of PC1 vs. PC2 and b) the loadings plot for PC1. Each 
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point in the scores plot represents one MBMS pyrogram from 4 successive 50 mg biomass samples 
fed in the horizontal pyrolysis reactor with B/C = 0.1-0.25. 
To obtain greater discrimination between the pyrolysis products from the different catalysts, we 
performed a subsequent PCA excluding the non-catalyzed pine samples (Fig. 3). PC1 shows the 
separation of CFP products evolved from the Mg-Al and Zn-Al materials. The Mg-Al materials 
group together on the negative portion of the PC1 axis, indicating that they form similar products. 
The loadings plot for PC1 shows that the Zn-Al materials produced more CO2 (m/z=44), with 
smaller positive contributions from acetone (m/z= 58) and methylfuran (m/z = 82). Increased CO2 
release indicates that Zn-Al materials promote decarboxylation reactions, and based on the PC1 
loadings, ketonization of acetic acid to form acetone and CO2 is likely occurring. In addition, PC1 
shows that Mg-Al catalysts produce more H2O (m/z=18) and CO (m/z = 28) and more non-
oxygenated aromatics, toluene and xylene (m/z = 91 and 105, respectively), compared to Zn-Al 
materials (Fig. 3b). High oxygen content has been shown to reduce bio-oil stability and is a major 
challenge for fast pyrolysis technology.3-4 The greater proportion of deoxygenated aromatics 
afforded by the Mg-Al catalysts, compared to Zn-Al catalysts, could be beneficial for bio-oil 
stability and down-stream processing.  
PC2 of the scores plot shows rapid deactivation of Zn-Al materials as indicated by the trend of 
more positive PC2 scores values as additional biomass samples are pyrolyzed and the fact that the 
positive loadings for PC2 show similarities to uncatalyzed pine (Fig. 3a). The PC2 loadings peaks 
that are common with uncatalyzed pine pyrolysis vapors include carbohydrate fragments (m/z = 
43 and 55), guaiacol (m/z = 124), methylguaiacol (m/z = 138), 4-vinylguaiacol (m/z = 150), and 
eugenol (m/z = 164) (Fig. 3c). While we are unable to unambiguously determine the reason for 
differences in reactivity, we hypothesize that it is related to differences in surface area and 
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acidobasicity among the Mg-Al and Zn-Al mixed-metal oxides, as is discussed further in 
subsequent sections. 
 
Figure 3. Principal component analysis of MBMS spectra from pine catalyzed by mixed-metal 
oxides; showing a) the scores plot of PC1 vs. PC2, b) the loadings plot for PC1, and c) the loadings 
plot for PC2. Each point in the scores plot represents one MBMS spectrum from 4 successive 50 
mg biomass samples fed in the horizontal pyrolysis reactor with B/C = 0.1-0.25. 
We performed a comparison of peak areas of the major pyrolysis products measured during CFP 
of pine with mixed-metal oxide catalysts. Percent yields were calculated by summing the following 
normalized MBMS peaks over 250 mg of biomass (5 boats) for each of the product categories as 
follows: water (m/z = 18),  CO (m/z = 28), CO2 (m/z = 44), acetic acid (m/z = 60), furans (m/z = 
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68, 82, 96), simple phenols (m/z = 94, 108, 122, 158), methoxyphenols (m/z = 124, 137, 150, 152, 
164), total phenols (simple phenols + methoxyphenols), and aromatics (m/z = 78, 91, 92, 105, and 
106) (Fig. 4).  
When mixed-metal oxide catalysts were employed, the proportion of acetic acid, 
methoxyphenols, and total phenols was substantially decreased, while aromatics and light gases 
(H2O, CO, and CO2) increased compared to the non-catalyzed control (Fig. 4). The Zn-Al materials 
show greater CO2 production compared to the Mg-Al catalysts, indicating that Zn-Al materials are 
more active for decarboxylation reactions. The relative yield of deoxygenated aromatics is the 
highest when using the Mg-Al materials. These results are supported by the PCA discussed 
previously (Figs 2 and 3). In addition, there is a reduction in the total ion count when the catalysts 
are used, which is likely caused by coke deposition on the catalyst surface and a redistribution of 
the molecular weight of the pyrolysis products. 
We are able to make preliminary comparisons between the product selectivity and deactivation 
behavior between these mixed-metal oxides and more traditional zeolites such as HZSM-5. Zeolite 
catalysts have been shown to be effective for upgrading lignocellulosic biomass pyrolysis vapors 
and show high selectivity towards hydrocarbon production. For example, HZSM-5 has been 
demonstrated to produce olefins, aromatic hydrocarbons, and gases (H2O, CO, and CO2) when 
exposed to pine pyrolysis vapors, and similar to the mixed-metal oxide catalysts, a variety of 
products are formed after initial deactivation occurs. In general, coking and subsequent catalyst 
fouling are problematic during CFP with zeolites.37 We will discuss these and additional 
conclusions in detail in the subsequent sections. 
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Figure 4. Vapor-phase pyrolysis product yields for pine feedstock without (pine blank) and with 
ZnAl, Zn2Al, MgAl, and Mg2Al mixed-metal oxide catalysts. Vapor products were quantified by 
integrating and summing the peaks of interest, and then normalizing by the total pyrogram area. 
The relative yield is plotted on the left y-axis and total ion count is plotted on the right y-axis. 
Catalyst Deactivation Behavior. Multivariate curve resolution (MCR) has previously been 
demonstrated as an effective tool to study catalyst deactivation behavior.21-22, 24-25 MCR is a 
statistical technique in which the “principal components” (PCs) are decomposed from the original 
MBMS spectra. Each PC represents a uniform mixture of compounds. The concentration of the 
mixture of compounds over the course of increasing B/C is represented by the PC curve intensity 
in the component scores plot, while the composition of this mixture is represented by the loadings 
plot for each respective PC. The MCR plots show how the pyrolysis product slate is changing as 
B/C increases. B/C is determined as the addition of successive 50 mg biomass samples which were 
pyrolyzed and their vapors passed through the 1 g catalyst bed.  
Figure 5 shows the MCR for CFP of pine with ZnAl and illustrates the compositional evolution 
of the vapor-phase pyrolysis products as the catalyst undergoes deactivation. The red curve 
represents the initial products occurring during the initial biomass pulses and includes intense 
peaks for propylene (m/z = 41), acetone (m/z = 58), furan (m/z = 68), methylfuran (m/z = 82), 
 17 
benzene (m/z=78), and toluene (m/z = 91). The signal at m/z 115 could be due to indene or 
naphthol fragmentation.38 The intermediate products (black curve) reach a maximum at B/C = 
0.45, and the component loadings plot shows that this PC represents partially deoxygenated 
species, such as acetone (m/z=58), furans and phenols including methylfuran (m/z = 82), phenol 
(m/z = 94), dimethyl furan or methylcyclopentenone (m/z = 96), methylphenol (m/z = 108), 
dimethylphenol (m/z = 122), trimethyl phenol (m/z = 136), and dimethylbenzofuran (m/z = 146). 
The primary vapors (blue curve) appear at a B/C higher than 0.4 and they dominate at B/C > 1, 
indicating that the catalyst was deactivated. The mass spectrum for the blue curve is similar to that 
for non-catalyzed pine in Figure 1. For comparison, the primary vapors breakthrough immediately 
for Zn2Al, which indicates a relative lack of catalytic activity (Fig S3). 
 
Figure 5. Multivariate curve resolution for ZnAl-catalyzed pine pyrolysis vapor products with 
respect to increasing B/C. The principal components scores (left) and accompanying loadings plots 
(right) are shown. 
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The vapor-phase pyrolysis product slate for Mg2Al and MgAl are similar (Figs 6 and S4). The 
initial products show some compounds in common with ZnAl, consisting of propylene (m/z = 41), 
furan (m/z = 39, 42, and 68), methylfuran (m/z = 82), and toluene (m/z = 91). In addition, the 
initial products curve for Mg-Al catalysts contained significant contributions from xylene (m/z = 
106). In agreement with both the PCA and comparative product yield analysis, MCR shows that 
in the initial product vapors, the Mg-Al catalysts produce greater proportions of deoxygenated 
aromatics such as toluene and xylene. The intermediate products curves for MgAl and Mg2Al 
consisted mostly of dimethyl furan, phenol, and methlyphenols. In the Mg-Al materials, the 
intermediate products reach a maximum at a higher B/C = 0.55, compared to 0.45 in ZnAl. In 
addition, the B/C in which the primary vapor maximum occurs is highest in Mg2Al at 1.2, 
indicating slightly prolonged activity compared to MgAl. Compared to HZSM-5, these mixed-
metal oxides underwent deactivation slightly more quickly. For example, using HZSM-5 under 
similar conditions, Mukarakate and coworkers reported that the primary vapors breakthrough at a 
B/C of 0.5, intermediate products peaked at 0.8, and the initial hydrocarbon products reached a 
minimum around B/C of 1.6.21 
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Figure 6. Multivariate curve resolution for Mg2Al-catalyzed pine pyrolysis vapor products with 
respect to increasing B/C. The principal components scores (left) and accompanying loadings plots 
(right) are shown. 
We performed XRD analysis on the deactivated catalyst samples, as shown in Figure S1. 
Overall, there is no indication of structural changes in the catalysts during or after deactivation. 
The peak positions and shapes stay relatively constant, suggesting that deactivation was likely a 
result of coke accumulation physically blocking catalytic active sites and not due to a change in 
the bulk structure of the materials.  
We used TGA to measure the amount of coke accumulated on the catalysts at varying B/C. The 
TGA curves show minor weight loss caused by moisture and weakly adsorbed organic compounds 
at temperatures below 250 °C, while weight loss occurring above 250 °C was attributed to 
combustion of coke.38 Hence, the weight loss in the range of 250 °C to 900 °C was used to 
determine the amount of coke accumulated on the catalysts (Table 2; Figure S5).  
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As expected, there is a positive trend between B/C and coke accumulation. Zn2Al had less coke 
accumulation compared to the other catalysts. This may be related to its low surface area, and thus 
active sites were quickly blocked by coke even at low B/C. The Mg-Al materials showed greater 
coke accumulation and coke yields in the initial and intermediate phases of activity, which may be 
related to their higher surface area and greater quantity of active sites (especially in the case of 
Mg2Al) which supported higher coke loadings before deactivation occurred.  
Catalyst deactivation through coke deposition has widely been reported for metal oxides as well 
as microporous catalysts.6 For example, under similar reaction conditions with HZSM-5, 
Mukarakate et al. reported a coke yield of 15.5% (wt. coke/wt. biomass fed) after complete 
deactivation.21 For comparison, the mixed-metal oxides tested here (with the exception of Zn2Al) 
showed similar coke yields after complete deactivation, ranging from 14.2-14.7%. 
Table 2. Coke accumulation at different stages of catalyst deactivation. 
Catalyst Activitya Coke accumulationb Coke yieldc Coke per basic sited 
ZnAl 
Initial (0.25) 
Intermediate (0.5) 
Deactivated (1.25) 
7.1 
10.3 
15.1 
6.1 
9.2 
14.2 
1.4 
2.1 
3.2 
Zn2Al 
Initial (0.25) 
Intermediate (0.5) 
Deactivated (1.05) 
4.7 
5.4 
9.2 
4.7 
5.4 
9.6 
0.7 
0.8 
1.4 
MgAl 
Initial (0.25) 
Intermediate (0.7) 
Deactivated (1.2) 
8.9 
14.5 
14.7 
8.1 
14.1 
14.4 
0.6 
1.0 
1.0 
Mg2Al 
Initial (0.25) 
Intermediate (0.75) 
Deactivated (1.45) 
9.5 
15.2 
17.6 
7.2 
12.4 
14.7 
1.1 
2.0 
2.3 
a B/C given in parentheses 
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b Given as % by weight of coke versus catalyst 
c Given as % by weight of coke versus total fed biomass 
d Given as mg coke versus µmol CO2 desorbed 
 
Discussion of Catalyst Performance Descriptors. Understanding the effects of the mixed-metal 
oxide catalyst formulation on catalytic behavior is important to facilitate the design of improved 
catalysts. We observed that the identity of the divalent cation (Mg2+ or Zn2+) affected the surface 
area and catalytic behavior of the reported materials. This is perhaps unsurprising, given the work 
of Kaguna and coworkers, who demonstrated that Zn-containing mixed-metal oxide materials 
displayed overall lower basicity than their Mg-containing counterparts.32  
We were also able to observe an effect imparted by atom stoichiometries. For instance, in the 
Mg-Al materials, we observed an increase in basic site density and basic site strength when the 
divalent/trivalent cation ratio was changed from 2 to 1 (i.e., Mg2Al vs. MgAl). However, despite 
these apparent differences in surface properties, Mg2Al and MgAl exhibited similar catalytic 
activity and deactivation behavior.  
There is evidently an interplay between surface basicity (imparted by MgO and ZnO) and Lewis 
acidity (imparted by Al2O3) among these materials, since the Mg-Al catalysts produce higher 
relative yields of non-oxygenated aromatics including toluene and xylene while remaining active 
at higher B/C compared to Zn-Al catalysts. The presence of amorphous alumina in the catalyst 
materials may explain the formation of non-oxygenated aromatics, which is reactivity typically 
ascribed to Lewis-acidic materials. Several preparations of mixed-metal oxides from layered 
double hydroxide precursors have previously shown no evidence for the presence crystalline 
alumina phases,32 which is a finding similar to our own previous work.13 Furthermore, formation 
of γ-alumina from amorphous alumina has been shown to occur at 840 °C,39 which is well above 
the synthesis and calcination temperatures we employ here. This apparent acid-catalyzed reactivity 
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highlights an area for improvement among these catalyst materials, since crystalline alumina 
phases are known to be more acidic (and therefore perhaps more catalytically active for the 
formation of non-oxygenated aromatics) than amorphous alumina.32, 39-40  
Given that deoxygenation and reduction of acidity of bio-oil are primary goals of catalytic 
upgrading and result in increased bio-oil stability, the results we report here are promising. 
However, the mixture of active sites on the surfaces of these mixed-metal oxides is complex and 
makes their characterization challenging. Our results demonstrate a mixture of weak, moderate, 
and strong basic sites, which we attribute to the presence of crystalline divalent metal oxides. 
Moreover, we infer the presence of moderately weak acidic sites which we attribute to the presence 
of amorphous alumina. Materials having several surface active sites that mediate multiple catalytic 
transformations simultaneously highlight some of the challenges inherit to designing, scaling, and 
deploying catalysts for thermochemical biomass conversion. Experiments to rigorously 
characterize these and other surface sites and their reactivities are ongoing in our laboratories.  
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Table S1. Compositional analysis of the pine feedstock used for catalytic fast pyrolysis.
Component Concentration
Chemical composition (% wt.)
Cellulose   42.2 (0.1) a
Hemicellulose 19.3 (0.0)
Lignin 32.9 (0.4)
Extractives   2.9 (0.2)
Ash   0.6 (0.1)
Ultimate analysis (% wt.)
C 49.7 (0.1)
H  6.2 (0.2)
N  0.1 (0.0)
O 43.4 (0.2)
Inorganic composition (mg/kg)
K 399 (5)
Ca 1207 (51)
Mg   555 (28)
P   76 (3)
S   80 (3)
Fe 113 (3)
Si   748 (65)
Al   81 (3)
Na    6 (1)
aParentheses indicate standard deviation calculated from three replicates
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Figure S1. Powder x-ray diffraction patterns of ZnAl, Zn2Al, MgAl, and Mg2Al that are 
freshly prepared and after CFP experiments at several different biomass-to-catalyst 
ratios, along with reference patterns for MgO (00-045-0946) and ZnO (00-036-1451).
S-3
Figure S2. CO2 temperature programed desorption (TPD) curves of fresh Mg-Al and Zn-
Al mixed metal oxide catalysts, the original data, the deconvoluted peaks (low, medium, 
and high peaks), and the residual error of the original and deconvoluted peaks are 
shown.
S-4
Figure S3. Multivariate curve resolution for Zn2Al-catalyzed pine pyrolysis vapor 
products with respect to increasing biomass-to-catalyst ratio. The principal components 
scores (left) and accompanying loadings plots (right) are shown.
S-5
Figure S4. Multivariate curve resolution for MgAl-catalyzed pine pyrolysis vapor 
products with respect to increasing biomass-to-catalyst ratio. The principal components 
scores (left) and accompanying loadings plots (right) are shown.
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Figure S5. A representative TGA weight loss and derivate weight loss curve. Spent 
ZnAl catalyst is shown. 
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